Pierre Mounanga, W. Gbongbon, Philippe Poullain, Ph Turcry. Proportioning and characterization of lightweight concrete mixtures made with rigid polyurethane foam wastes. Cement and Concrete Composites, Elsevier, 2008, 30 (9), pp.This paper presents the results of an experimental study concerning the incorporation of polyurethane (PUR) foam wastes into cementitious mixtures in order to produce lightweight concrete. A semi-empirical method is first proposed to predict the density of fresh PUR foam-based concrete mixtures. Seven concrete mixtures containing various PUR foam volume fractions (from 13.1% to 33.7%), and two reference concrete mixtures (without PUR foam) were prepared and characterized. In particular, their thermal and mechanical properties were determined. This permitted to quantify the influence of the PUR foam volume fraction on these parameters. Some specimens were maintained under water during 28 days, while the others were dried in air. The PUR-foam concrete thermal conductivity and compressive strength are, respectively, 2-7 times and 2-17 times lower than those of the reference mixture, depending on the volume fraction of PUR foam and on the curing conditions. Besides, the use of PUR foam in concrete implies a strong increase in the drying shrinkage and in the mass loss during the first seven days. These results can be related to the high porosity and the weak compressive strength of alveolar polyurethane.
Introduction
Polyurethane (PUR) is one of the larger polymer product groups within the plastics family. In Europe, PUR consumption is about 3 million tons per year for the early 21st century. It is composed of about 1.8 million tons flexible PUR foam, 0.7 million tons rigid PUR foam and 0.4 million tons PUR elastomer and other products [1] . Each year, plastic and modular construction industries generate huge volumes of PUR wastes during the fabrication, the conditioning and the use of these materials. Sustainable development and environmental management require taking into account these wastes. In Europe, total PUR waste is estimated to be about 1.5 million tons in 2004, approximately half of which is not suitable for collection and subsequent recycling, because of small volumes and/or wide distribution [2] . Recycling and specific valorisation methods have to be developed to deal with this problem.
Manufacture, working and destruction of rigid polyurethane (PUR) foam panels used for building wall insulation produce many low density particles and shavings. These wastes can be recycled in energy production plants [3] or building composites [4, 5] . The incorporation of such materials into lightweight concrete could also be an interesting alternative for the valorisation of polyurethane foam wastes.
From this viewpoint, a laboratory study has been carried out in order to determine the influence of PUR foam wastes, considered as lightweight aggregates, on the thermal conductivity, the volumetric heat capacity, the mechanical strength and the drying shrinkage of lightweight concrete.
Previous studies have been dedicated to the use of alveolar plastic wastes in the manufacture of lightweight concrete. Laukaitis et al. [6] used polystyrene foam wastes to produce insulating concrete. Considering cement/foam ratios varying from 1 to 3, lightweight concretes with density ranging between 200 and 300 kg/m 3 were obtained, while the compressive strength ranged from 0.1 to 0.5 MPa and the thermal conductivity from 0.07 to 0.1 W/m K. Perevozchikov et al. [7] produced lightweight concretes including polyethylene foam wastes with a volume fraction of 30%. By varying the water and cement contents, they obtained lightweight concrete with density between 1592 and 1840 kg/m 3 and compressive strength from 2.31 to 8.44 MPa.
The use of solid alveolar foam as lightweight aggregate makes it difficult to predict the material density. Indeed, PUR foam is a compressible material and exhibits high porosity, contrary to mineral aggregates such as sand or gravel. The water absorption [8, 9] and cement paste absorption [10] by the aggregates and the compressibility of foam yield greater density than the expected theoretical one. This is different for classical concrete mixture whose real density is always lower than the theoretical density, in particular because of the trapped air during mixing. A previous study about PUR-foam mortars [11] , showed that the real volume of mixture can be 20-40% lower than that of the expected volume. This could result in an overestimation of the need in cement and an expensive concrete composition.
The first part of this paper is dedicated to the characterization of polyurethane foam wastes and to the development of a predictive model for the packing and bulk densities of PUR-foam concrete.
Two series of PUR-foam concrete mixtures, with and without limestone filler, and containing different PUR-foam contents are investigated. The mechanical and thermophysical properties, the drying shrinkage and the mass loss of these mixtures are measured and compared with the same properties of a reference mixture (without PUR foam).
Concrete components

Cement
The cement used in this study is CEM II/B-LL 32.5R CE NF from Saint Pierre La Cour plant (France). Its density is 3050 kg/m 3 and its Blaine fineness of 395 m 2 /kg. It is constituted of 75% of clinker and 24% of limestone. Its chemical composition is given in Table 1 .
Limestone filler
The limestone filler is Betocarb TM P2 from Erbray plant (France). It contains 98.4% of calcium carbonate. Its density is 2714 kg/m 3 and its specific area is 397 m 2 /kg. Its particle size distribution, given by the manufacturer, is presented on Fig. 1 .
Sand
The sand is a river sand sieved between 0 and 5 mm. Its density is 2650 kg/m 3 . Its particle size distribution, obtained according to the French standard NF P18-560 [12] , is provided on Fig. 1 .
Polyurethane foam wastes
Polyurethane foam wastes come from the destruction of insulation panels used in building industry. They were provided by a manufacturer of insulation panels, in two different big bags: a big bag containing ''coarse" waste, with a size greater than 10 mm and a big bag containing ''fine" waste, very rich in fine particles and with a size lower or equal to 10 mm (Fig. 2 ). The terms of ''coarse" and ''fine" aggregates do not match with the classical definitions of ASTM standards and are only used to differentiate the two forms of wastes. Only the second grade (''fine" aggregates) is studied here. The particle size distribution is given on Fig. 1 .I t was obtained by combining results from laser granulometry (0/2mm particles) and sieving granulometry (2/10-mm particles). The particle diameters range on a wide interval and the waste fineness has to be noted (68% of the whole product volume is composed of particles with a diameter lower than 2 mm).
The apparent density of the PUR foam, q PUR foam , has been measured on three cubic samples. This density has been evaluated to be 45 ± 2 kg/m 3 and is of the same order of magnitude than that given by the panel supplier (40 kg/m 3 ). According to the product specification sheet, the foam porosity n is equal to 98%. This density corresponds to the mechanically unloaded dry foam. From these data, the density of plain polyurethane q PUR (without porosity) can be estimated with the following relation:
where q PUR foam is the PUR-foam apparent density (kg/m 3 ), q air the air density at 20°C (1.2 kg/m 3 ) and n the PUR-foam porosity (-).
The density of PUR, q PUR , is about 2191 kg/m 3 . This value will be used later in this paper to estimate the absolute density of PURfoam concrete. SEM observation ( Fig. 3) shows the open porosity of foam aggregates. The pores are cavities of about 200-lm diameter. This information is of great importance in estimating the absorption capacity of cement paste by these lightweight aggregates.
Mix-proportioning of PUR-foam concrete
Workability
The first mix-design criterion studied is the workability of the prepared mixtures with the aim of obtaining plastic mixtures. The open porosity and the fineness of the polyurethane foam particles require relatively high W/C ratios to ensure a good workability (see Table 2 ). Series II was specifically designed in order to obtain mixtures with comparable workabilities and cement proportions. The incorporation of an important PUR-foam volume in replacement of sand requires increasing the W/C ratio to keep workability close to that of the reference mixture. From this point of view, the use of a reducing water agent could constitute an interesting alternative.
Compressibility and absorption of the PUR-foam aggregates
The lightweight aggregate compression and paste absorption make it difficult to predict the effective volume of concrete [10] . These phenomena, schematized on Fig. 4 , lead to a bulk volume of the freshly-prepared concrete quite lower than that calculated when considering the density of the PUR foam in the air. Indeed, Mounanga et al. [11] showed that the PUR-foam density in mortar could be 5-6 times higher than that measured in the air.
The foam porosity reduction due to the hydrostatic pressure exerted by the mortar on the PUR-foam aggregates can be approached from the foam elastic modulus, the mortar density q mortar and the height h of the sample (Fig. 4 ). On the contrary, the cement paste penetration into the foam pores is more difficult to estimate. Zhang and Gjørv [10] observed that it depends on many parameters (open pore diameter distribution, shape and surface quality of the lightweight aggregates, etc.), which may vary according to the particle size range, and whose determination proves to be complex. Besides, the degree of compression and the paste absorption coefficient of the PUR-foam are interdependent and their effects are not easily separable: the compression of the lightweight aggregates reduces their porosity and thus their capacity to absorb paste; conversely, the paste penetration into the PUR-foam aggregates lowers the effect of the hydrostatic pressure on their volume reduction.
Packing density of the PUR-foam concrete mixtures
The difficulty to precisely compute the deformation of the PUR foam and the filling of its opened porosity by the paste leads to give priority to a semi-empirical approach for the prediction of the fresh PUR-foam concrete volume. First, an increase of the absolute concrete packing density is assumed to induce an augmentation in the hydrostatic pressure and thus in a greater compression of the aggregates. Secondly, compression and absorption of the lightweight aggregates tend to jointly increase the mixture packing density through the reduction in the concrete pore volume. The packing density c is defined as the ratio between the absolute volume V SOLID of the solid constituents and the measured volume V of the fresh concrete:
where V SOLID is the total volume of solid constituents (m 3 ), V the concrete volume (m 3 ), C the cement mass (kg), q C , the cement absolute density (kg/m 3 ), F, the filler mass (kg), q F , the filler absolute density (kg/m 3 ), PUR, the polyurethane mass (without air-voids) (kg), q PUR , the polyurethane absolute density (kg/m 3 ), S the sand mass (kg) and q S the sand absolute density (kg/m 3 ).
This interpretation of the phenomena led us to investigate the PUR-foam mixtures in the fresh state in order to measure the relationship between the packing and absolute densities. 60 different compositions were prepared with various water-to-cement mass ratios W/C (W/C = 0.4, 0.5, 0.6, 0.7 and 0.8), filler-to-cement mass ratios F/C (F/C = 0.2, 0.4 and 0.45), sand-to-cement mass ratios S/C (S/ C = 0, 1, 1.5, 2 and 3.5) and PUR foam-to-cement mass ratios PUR/C (PUR/C = 0.02, 0.03, 0.04, 0.05, 0.07, 0.12, 0.15). Three particle size ranges of PUR foam wastes were used: [0-2 mm], [2-5 mm] and [0-10 mm]. The bulk and packing densities of each fresh concrete were determined using pycnometer. The test results reveal a quasi-linear relationship between the packing density of the PUR-foam mixtures and their absolute density (see Section 5.1).
Method for the estimation of the real PUR-foam concrete composition
Deformation and absorption by the lightweight aggregates do not only modify the volume but also the composition of the manufactured concrete: the PUR-foam density increase influences the proportioning of the other components. A method to correct the initial mix-proportions is proposed in order to estimate the real fresh concrete composition. The computation method is based on the following assumptions: Under these assumptions, the real amount of each component (cement, filler, sand, PUR-foam aggregates and water) can be estimated using the following equation:
where [X] r is the amount of constituent X in the mixture (kg/m 3 ), [X] th the initial theoretical proportion of X (kg/m 3 ), A the density increase of the PUR-foam concrete, i.e. the ratio of the theoretical density and of the measured density (pycnometer) in the fresh state.
The mix-proportions of the prepared PUR-foam mixtures, corrected with Eq. (3), and the value of ratio A for each mixture are given in Table 2 .
Characterisation of the hardened concrete mixtures
Experimental program
Two series of mixtures (Table 2 ) have been prepared in order to investigate the properties in the hardened state.
For the first series (Series I), the mix I-ref, without PUR foam, is regarded as a control mix: it enables to directly quantify the effect of PUR foam on the concrete properties. For mixes I-1, I-2, I-3 and I-4, an increasing proportion of PUR-foam aggregates of class [0-10 mm] is set. In addition to the influence of the PUR-foam amount, the effects of W/C ratio (mix I-2), of the S/C ratio (mix I-3) and of the cement amount (mix I-4) on the lightweight concrete thermal and mechanical behaviour were studied. This first series also permits to highlight the influence of absorption and compressibility of the PUR-foam aggregates on the bulk density of fresh concrete.
For the second series (Series II), mixtures were proportioned by taking into account the experimental results about the packing density (see Section 3): the mix proportions are thus better controlled. The PUR-foam aggregates were sieved (mesh size: 5 mm) beforehand, in order to eliminate the largest elements. The first mix (mix II-ref), without PUR foam, plays the role of the control mix. For the three PUR-foam mixtures of Series II, an increasing volume of lightweight aggregates was incorporated to progressively replace sand, maintaining close proportions of filler and cement from one mix to another (maximal variation: 6.5%). The same W/C ratio was set for every PUR-foam mixtures: it is lower for the control mix in order to obtain a consistency of the same order of magnitude.
For each mix, the thermal properties (thermal conductivity and heat capacity), the compressive strength, the shrinkage and the mass loss due to drying were measured on prisms of 40 mm Â 40 mm Â 160 mm. After mixing and casting into the moulds, the specimens were moist-cured at 20 ± 2°C and over 90% of relative humidity. At the end of the first 24 h of curing, the mixtures containing the highest fractions of PUR foam were particularly friable: this was attributed to insufficient cement hydration related to the important water amount absorbed by foam, which is, therefore, non-available for the hydration reactions. The specimens were thus kept in moist cure during 48 h in order to ensure a sufficient hardening for their handling. This cure was applied to the whole concrete specimens to compare their dimensional evolution considering the same moist cure period. They were then demoulded and separated into two batches: the specimens of the first batch, noted ''Saturated", were immersed in a water bath at 20 ± 1°C, whereas the specimens of the second batch, noted ''Dry", were kept in a drying chamber at controlled temperature and relative humidity (T =20±2°C, RH = 50 ± 5%).
Test procedures
The compressive strength was measured according to the procedure of the European standard NF EN 196-1 [13] . The dimensional evolution was determined according to the French standard NF P18-427 [14] . Mass measurements were carried out using a balance with an accuracy of 0.01 g.
The thermophysical properties were measured using the ''heating film" method [15] : the boundary conditions are imposed by a heater releasing a known heating power in the sample. In our case, this heater is a paper coated with a semi-conducting graphited material (TELEDELTOS paper) subjected to an electrical potential difference [16, 17] . The rise in temperature of the concrete prism is recorded by two thermocouples fixed on the heated face (T h , h for ''heated") and on the opposite face (T nh , nh for ''non heated") ( Fig. 5 ). The use of thermal grease, between the thermocouples and the sample faces, and of a clamping system enables to limit the effect of contact resistance. The test time is 10 min for each specimen. The temperature-time evolutions are post-processed using an inverse method [17] in order to determine the thermal conductivity and the heat capacity of the material.
Experimental results and analysis
Relationship between packing density and absolute density of fresh mixtures
As shown on Fig. 3 , the pores of PUR foam are about 200 lm large. This pore size is close to the diameter of the largest limestone filler and cement particles (Fig. 1) . Therefore, cement paste can be absorbed by the PUR-foam aggregates. This is confirmed by video-microscopy pictures of the boundary between cementitious matrix and PUR-foam aggregates (Fig. 6 ). The hydrostatic pressure applied by the fresh mortar can also compress the PURfoam aggregates.
Pycnometer tests performed on 60 mixtures with various mixproportions reveal a quasi-linear relationship between the packing density and the absolute density of the concretes. As suggested on Fig. 7 , this relationship is almost independent of the granular class of the PUR-foam aggregates. It is difficult to explain such a result. Nevertheless, it can be noted that the hydrostatic pressure applied by the mortar on PUR-foam aggregates, and thus their compression degree, increases with the absolute density. The packing density of concrete can be written as follows:
where c is the packing density (-), q ABS the absolute density of concrete (kg/m 3 ).The absolute density q ABS can be calculated from the mix-proportions:
where W is the water mass (kg), q W the water density (1000 kg/m 3 ).
Combining Eqs. (2) and (4), the bulk volume V and the bulk density q concrete of the fresh concrete can be estimated from the mix-proportions by Eqs. (6) and (7), respectively:
As shown on Fig. 8 , this empirical relation permits to assess with a rather good accuracy the bulk density of mixtures proportioned with various W/C ratios and various contents of cement, filler, sand and PUR-foam aggregates. Table 3 gives the bulk density of the mixtures measured on 40 Â 40 Â 160-mm prisms. The increase in the PUR-foam aggregate content results in a significant decrease in the bulk density. After 28 days in a room at T =20±2°C and RH = 50 ± 5%, the density of the PUR-foam mixtures is 28-53% lower than the density of the reference mixture for the Series I -Dry and 39-63% lower for the Series II -Dry. For mixtures immersed during 28 days in water (Series II -Saturated), the density is also much lower (25-54%) than that of the reference mixture.
Hardened concrete mixtures
Bulk density
Mechanical properties
Lots of studies can be found on the mechanical properties of lightweight concrete mixtures made of polystyrene aggregates [18] [19] [20] , wood shavings [21] , expanded clay aggregates [9, 22] , etc. Contrary to usual concrete, lightweight concrete typically fails with a rupture inside the lightweight aggregates and at the boundary between aggregates and paste [23] . Wasserman and Bentur [24] observed that the use of sintered fly ash aggregates with high absorption coefficient results in higher early-age strength. The authors explain that the high water absorption reduces the water content at the interfacial zone between aggregates and paste and then makes it denser. On the contrary, Lo et al. [9, 22] observed that the absorption of water by synthetic lightweight ceramic aggregates results in an increase in the interfacial zone porosity and then in a decrease in the compressive strength after 28 days. Thus, the effect of lightweight aggregates on mechanical properties seems to depend on the type of aggregates. Moreover, Laukaitis et al. [6] showed, in the case of polystyrene aggregates, that the characteristics of the boundary depend on both the aggregate size and shape. Figs. 9 and 10 show the compressive strength of Series I -Saturated and Series II -Saturated and Dry, respectively. Each plotted value is the average of six measured values. We can observe the high decrease in the strength due to the increase in PUR foam content. The high porosity and the weak mechanical properties of the PUR foam can explain the lower strength of the lightweight concrete mixtures.
Curing under water usually improves the mechanical properties of lightweight concrete in a significant way [25] . This improvement is often attributed to better cement hydration which increases the strength of the cementitious matrix. However, in our study, the relative increase in strength due to water curing depends on the PUR foam content (Fig. 10) : the increase is equal to about 59% for the reference mixture, while it is only equal to 39%, 34% and 5% for the mixtures II-1, II-2 and II-3, respectively. These differences in the strength gain between the three mixtures are direct consequences of the PUR foam content, because the proportions of their matrix are about the same. It should be reminded that aggregate content, granular distribution [26] and aggregate strength [27] [28] [29] [30] are among the main parameters controlling the strength of lightweight mixtures. For the same cement content and W/C ratio, a high increase in PUR foam content hides the strength improvement of the cement matrix due to water curing and therefore strongly limits the global strength improvement.
Drying shrinkage and mass loss
Kept in a climatic room at T =20±2°C and RH = 50 ± 5%, the concrete specimens undergo drying, which is highlighted by their mass loss ( Fig. 11 ) and length change (Fig. 12 ). On Figs. 11 and 12, each curve is the average of two test results.
As shown on Fig. 11 , the increase in the PUR foam content results in an increase in the mass loss. Moreover, most of drying proceeds during the first week after batching. This result is in good agreement with the study of Šelih and Bremner [31] dealing with the evolution of the water content of lightweight concrete submitted to drying between 0 and 28 days.
Since the W/C ratios of our mixtures are high (W/C > 0.60), shrinkage can be assumed to be a consequence of drying (Table 3 and Fig. 12 ) [31, 32] . The proportion of PUR foam influences both the rate and the final magnitude of shrinkage. The effect of PUR foam on shrinkage is mainly due to its effect on the stiffness of concrete. However, in our study, not only the PUR foam content varies but also other mix-parameters such as W/C ratio and sand content (especially in Series I). These parameters are known to influence the shrinkage of concrete.
Although interactions between mix-parameters are complex, we can make the following remarks from results of Table 3 . -The decrease in W/C ratio leads to a decrease in the shrinkage magnitude at 28 days. -The mixtures with the highest PUR foam amount, i.e. mixes I-4 and II-3, have not necessarily the highest shrinkage amplitude. Note that these mixtures do not contain sand. -In the case of mixtures containing sand, the increase in PUR foam proportion results in a higher shrinkage magnitude.
For the mixtures designed without sand, mixes I-3 and I-4 [11] and mix II-3 ( Fig. 12 ), the measured length change during the first 48 h is due to dilation. This volume increase could result from dilation of the PUR foam due to water absorption. It could also be of thermal origin, since the cement content is high, in particular in the case of mixes I-3 and I-4 (Table 2) . Moreover, as shown in the followings (Section 5.3), high PUR foam content decreases the thermal conductivity; the hydration heat should be dissipated more slowly and could induce higher temperature rise and thermal dilation. This thermal dilation could explain the fact that the mixtures with the highest PUR foam contents (mixes I-3 and I-4) have not the highest shrinkage magnitude at 28 days.
Finally, it must be emphasized that any conclusion on drying shrinkage should be done carefully. Actually, the measured shrinkage includes the effect of skin cracking due to water content gradient between the skin and the core of the prism [33] . Besides, shrinkage is not the only relevant parameter controlling the cracking potential of concrete, since it also depends on visco-elastic and fracture properties. Table 4 shows the values of the thermal conductivity and volumetric heat capacity for the mixtures from Series I and II. Each value is the average of results obtained on three different specimens of the same batch.
Thermophysical properties
The incorporation of lightweight aggregates in concrete generally yields quite a strong decrease in the concrete thermal conductivity. This decrease is due to the important porosity of lightweight aggregates [21, 34, 35] . Their pores contain air whose thermal conductivity is much lower than that of the other constituents. Table 4 shows that it is possible to diminish the thermal conductivity by varying the PUR foam content. A diminution in a ratio of 2.5-4.6 for Series-I specimens and in a ratio of 2.2-6.8 for Series-II specimens has been observed. This ratio has to be understood as compared with the conductivity of the reference concrete. This decrease is less important for the saturated specimens, but it is still sensitive: for Series I -Saturated, the same ratio ranges from 1.9 to 3.4. This ratio ranges between 2 and 4.3 for Series II -Saturated.
The influence of PUR foam on the volumetric heat capacity is less significant. The heat capacity of one mixture is the volume fraction-weighted average of the different compounds heat capacity [36] . In the dry state, the low heat capacity of PUR foam yields a decrease in the PUR-foam concrete heat capacity as compared with that of the reference concrete (15-29% for Series I -Dry and 18-44% for Series II -Dry; see Table 4 ). For saturated specimens, the results are different: the PUR-foam concrete heat capacity is greater than that of the reference concrete and increases with the foam content. Indeed, the pores of the specimens kept in water during 28 days are filled with water, whose heat capacity is particularly high in comparison with that of the other solid elements [37] . For saturated samples, the higher the foam volume fraction, the higher the volume filled with water and the higher the volumetric heat capacity (Table 4 ).
Conclusions and further work
This study shows that it is possible to manufacture lightweight concrete of plastic consistency using rigid polyurethane (PUR) foam wastes. The main difficulty to proportion such concrete mixtures lies in the estimation of the PUR foam density, which is greatly influenced by both the high compressibility and absorption of the lightweight aggregates (compared with the traditional components of concrete). The experimental investigation on various fresh PUR-foam mixtures revealed a linear correlation between their packing density and their absolute density in the fresh state. This correlation was used to prepare lightweight concrete mixtures containing, in volume fraction, between 13% and 34% of PUR-foam aggregates.
The thermal conductivity of the lightweight concrete mixtures in the hardened state ranges between 0.22 and 0.67 W/m K for the dry specimens and between 0.60 and 1.33 W/m K for the specimens cured under water. The density of these mixtures is 25-63% lower as compared to that of the reference mixtures (without PURfoam aggregates). These performances are mainly due to the high porosity of lightweight aggregates. That induces a drying shrinkage 4-5 times more important as compared with the control specimens and a lower mechanical resistance, ranging between 1.3 MPa and 10.4 MPa.
Future work will focus on the improvement of the mechanical properties of the PUR-foam concrete mixtures by using cement of type I and reactive mineral additions (blast furnace slag, silica fume or fly ash), instead of limestone filler. The incorporation of synthetic fibres and shrinkage reducing admixtures is also a possible research way to extend the potential application of these mixtures to the field of repair materials. Finally, it will be interesting to measure the effect of the utilization of coarser PUR-foam aggregates on the thermal and mechanical properties of concrete in order to propose an alternative option to dispose the whole of the particle size ranges of PUR foam wastes.
